Age-related decline in microstructural integrity of certain white matter tracts may explain cognitive decline associated with normal aging. Whole brain tractography and a clustering segmentation in 48 healthy individuals across the adult lifespan were used to examine: interhemispheric (corpus callosum), intrahemispheric association (cingulum, uncinate, arcuate, inferior longitudinal, inferior occipitofrontal), and projection (corticospinal) fibers. Principal components analysis reduced cognitive tests into 6 meaningful factors: (1) memory and executive function; (2) visuomotor dexterity; (3) motor speed; (4) attention and working memory; (5) setshifting/flexibility; and (6) visuospatial construction. Using theory-based structural equation modeling, relationships among age, white matter tract integrity, and cognitive performance were investigated. Parsimonious model fit demonstrated relationships where decline in white matter integrity may explain age-related decline in cognitive performance: inferior longitudinal fasciculus (ILF) with visuomotor dexterity; the inferior occipitofrontal fasciculus with visuospatial 
Introduction
In normal aging, a wide range of cognitive functions experience age-related decline (Hedden and Gabrieli, 2004) . Improved understanding of the neurobiological substrates of cognitive decline in normal aging has been facilitated by the advent of diffusion tensor imaging (DTI). DTI is a clinical neuroimaging technique quite sensitive to alterations in brain white matter microstructure (Le Bihan, 2003) , and provides an opportunity to study white matter in vivo in a manner not previously possible with conventional magnetic resonance imaging (MRI). DTI has emerged as an important tool in the study of neuropsychiatric and neurologic disorders (Ciccarelli et al., 2008; Kubicki et al., 2007) , as well as in the study of healthy and pathologic aging . In normal (or healthy) aging, DTI studies have begun to demonstrate that microstructural integrity of cerebral white matter exhibits age-related decline (Salat et al., 2005; Sullivan et al., 2008) . Thus, combining DTI approaches with examination of cognitive functions susceptible to age-related decline should help further elucidate mechanisms of cognitive decline in normal aging.
White matter changes in normal aging likely play an important role in contributing to agerelated cognitive decline. Early volumetric MRI studies were equivocal in their assessment of white matter changes with age . In contrast, DTI studies have shown widespread age-related declines in fractional anisotropy (FA) in white matter (Charlton et al., 2006; Salat et al., 2005; Sullivan and Pfefferbaum, 2003) . FA measures the degree to which diffusion of water molecules is restricted by microstructural elements such as cell bodies, axons, myelin, and other constituents of cytoskeleton (Beaulieu, 2002) ; thus, reduced FA associated with normal aging may be related to a number of age-related changes in white matter demonstrated in postmortem studies of aging: change in the axon's cytoskeleton, reduction in axon density , decline in number and length of myelinated fibers (Marner et al., 2003) , breakdown in the myelin sheaths Bartzokis, 2004; , trapping of fluid between thin or lysed sheaths, or bulbous swelling of oligodendrocytes (Peters and Sethares, 2002; Peters et al., 2001; Sullivan et al., 2008) . These studies support that DTI findings in normal aging align with histopathological findings in normal aging in white matter.
Age effects demonstrated with DTI are regionally diverse and typically show an anteroposterior gradient of age-related decline Sullivan et al., 2008) . This gradient has been hypothesized by some investigators as underlying cognitive decline of frontally-based functions (Kochunov et al., 2007; Salat et al., 2005; . In quantifying age-related decline, most DTI studies have utilized region of interest or voxel-based morphometry approaches, where white matter integrity in focal brain regions were examined. For a review please see .
More recently, investigators have used DTI tractography-based approaches in their examination of age-related decline of white matter fiber tracts (Stadlbauer et al., 2008; Sullivan et al., , 2008 Zahr et al., 2009) . White matter tracts serve as connections between brain regions, and likely play an important role in coordinating complex cognition. Information is required to transfer quickly between different brain regions and age-related damage to any part of these white matter connections could lead to changes in cognitive performance (Charlton et al., 2008; Mesulam, 2000) . However, an important limitation of tractography is that the output is only a mathematical representation of underlying structure and may not always reflect brain anatomy . In particular, false positive and false negative results can be produced due to noise, partial volume effects, and complex fiber architecture within a voxel (Pierpaoli et al., 2001; Wakana et al., 2007) . Nevertheless, several studies have shown that streamline tractography can produce anatomically faithful reconstructions of white matter fasciculi that agree with anatomic definitions based on postmortem studies Catani et al., 2002; Jones, 2008; Mori and van Zijl, 2002; Schmahmann et al., 2007) .
Few studies have combined tractography approaches with cognitive testing in normal aging. Comprehensive measurement of cognitive functions that may decline in normal aging requires administration of a battery of cognitive tests that include measures of processing speed, working memory (and executive function), episodic memory, mental flexibility (Hedden and Gabrieli, 2004) , set shifting, attention, visuospatial performance, and visual processing (Davis et al., 2008) , among others. To our knowledge, only 1 published tractography study has applied a relatively comprehensive cognitive battery (Zahr et al., 2009 ): in a sample of 12 younger and 12 older adults, performance in the working memory and problem-solving domains correlated with the microstructural integrity of the genu and the fornix and several fiber systems were also correlated with motor performance.
Structural equation modeling (SEM) in DTI (Charlton et al., 2008; Fonteijn et al., 2008) can provide a framework to examine the complex relationship among age, microstructural integrity of white matter fiber tracts, and cognitive performance. However, no published study to our knowledge has used diffusion tensor tractography and SEM to examine how age and microstructural integrity of white matter fiber tracts might influence cognition. Therefore, in this study, we used whole brain tractography and a novel clustering segmentation method, to measure microstructural integrity of white matter fiber tracts, and their relationship with cognitive performance in healthy individuals whose age-range spans the adult lifespan. We first investigated the relationship between age and specific white matter fiber tracts that may be susceptible to age-related decline, and for which we demonstrated high reliability of FA measurement, using our whole brain tractography, clustering segmentation approach (Voineskos et al., 2009 [IFOF] ), interhemispheric or commissural fibers of the corpus callosum (segmented into 5 subdivisions), and, for comparative purpose, projection fibers of the corticospinal tract (CST). Then, following principal components analysis of all cognitive tests chosen to index a wide range of cognitive functions susceptible to age-related decline, e.g., executive function, working memory, motor speed, visuospatial function, set shifting, etc. (Hedden and Gabrieli, 2004) , we used SEM to examine the relationship of aging, white matter tract integrity, and cognitive performance. Based on the literature, we hypothesized that we would primarily observe associations between microstructural integrity of cortico-cortical white matter tracts (in particular those connecting to frontal cortical regions) with specific cognitive functions, primarily reflecting the frontally-based model of cognitive decline in normal aging.
Methods

Recruitment and characterization of study participants
This study was conducted from March 2007 to March 2009 in Toronto, Canada. Sixty-four individuals volunteered via registries and advertisement. All participants were assessed with the Edinburgh handedness inventory (Oldfield, 1971) , interviewed by a psychiatrist, completed the Structured Clinical Interview for DSM-IV Disorders (First et al., 1995) and the Mini Mental Status examination (Folstein et al., 1975) . All participants completed a urine toxicology screen. Fifty-three healthy participants met the inclusion criteria (age between 18 and 85; right-handedness) and none of the exclusion criteria (any history of a mental disorder; current substance abuse or a history of substance dependence, positive urine toxicology, a first degree relative with a history of psychotic mental disorder, a dementia, a history of head trauma with loss of consciousness, seizure, or another neurological disorder). Participants were characterized using the following instruments ( (Hollingshead, 1975) ; Clinical Illness Rating Scale for Geriatrics (CIRS-G) (Miller et al., 1992) ; weight, height, and blood pressure. Three individuals did not complete all DTI and cognitive protocols and 2 individuals had artifacts on their DTI scan that prevented reliable analysis, leaving 48 participants for final analyses.
Neuropsychological assessment
Participants underwent a battery of cognitive tests (Table 2) that was administered over approximately 1.5 hours. This battery assessed a wide range of cognitive domains, with a focus on domains that are most likely to be affected by age, primarily using tests validated in elderly populations: executive function, working memory, immediate memory, delayed or episodic memory, attention, set-shifting, response inhibition, mental flexibility, visuospatial construction, processing speed, fine visuomotor, and motor skills.
Image acquisition
Diffusion weighted images were acquired using an 8-channel head coil on a 1.5 Tesla GE Echospeed system (General Electric Medical Systems, Milwaukee, WI), which permits maximum gradient amplitudes of 40 mT/m. A single shot spin echo planar sequence was used with diffusion gradients applied in 23 noncollinear directions and b = 1000 seconds/ mm 2 . Two b = 0 images were obtained. Fifty-seven to 62 slices, with no gap, were acquired for whole brain coverage oblique to the axial plane. Slice thickness was 2.6 mm, and voxels were isotropic. The field of view was 330 mm and the size of the acquisition matrix was 128 × 128 mm, echo time was 85.5 ms, and repetition time was 15,000 ms. To improve the signal-to-noise ratio, the entire sequence was repeated 3 times. Inversion recovery prepped spoiled gradient recall images, fast spin T2 weighted images, and fluid attenuated inversion recovery images were also acquired.
Image analysis and tractography
Diffusion weighted images were then transferred to a workstation for analysis. The 3 repetitions were coregistered to the first b = 0 image in the first repetition using FSL (FMRIB Software Library, v. 4.0; www.fmrib.ox.ac.uk) to produce a new averaged image, with gradients reoriented according to the registration transformation. A final diffusion tensor was then estimated using a weighted least squares approach. Registration corrects eddy current distortions and subject motion, important artifacts that can affect the data, and averaging improves the signal-to-noise ratio. A brain "mask" was then generated. Points were seeded throughout each voxel of the brain.
Whole-brain tractography was performed with a deterministic (streamline) approach (Runge-Kutta order 2 tractography with a fixed step size of 0.5 mm). The 3 threshold parameters for tractography were T seed , T stop , and T length . T seed and T stop are anisotropy thresholds used to limit the tractography to white matter. The linear anisotropy measure C L was used, where C L = (λ 1 − λ 2 )/λ 1 and, λ 1 and λ 2 are the 2 largest eigenvalues of the diffusion tensor sorted in descending order (where the goal of the anisotropy thresholds is to limit tractography to the white matter). Thresholds were based on the C L rather than on FA, because FA can be relatively high in regions of planar anisotropy which may indicate tract crossings or branching (Ennis and Kindlmann, 2006) . Advantages of using C L as the tracking threshold have been previously demonstrated . Using C L thresholds will avoid seeding in planar regions that happen to have reasonably high FA. This is an advantage because in planar regions, the major eigenvector is unlikely to correspond to an actual axon direction, and rather it is some average of multiple tracts . Using C L for tractography also facilitates fiber clustering (below) because it reduces the likelihood of fiber jumping from 1 structure to another, a side-effect of streamline methods in planar partial-volume regions. So by somewhat reducing partial-volume tractography errors, it improves the ability of the clustering to separate different structures (O'Donnell and Westin, 2007) . The T length threshold is used to eliminate very short fibers from being generated. The parameters chosen for this study were T seed = 0.3, T stop = 0.15, and T length = 20 (in mm). Tractography and creation of white matter fiber tracts was performed using 3D Slicer (open source software; www.slicer.org) and MATLAB 7.0 (www.mathworks.com).
As previously described by O'Donnell and co-workers (O'Donnell et al., 2006) , pairwise fiber trajectory similarity was quantified by first computing a pairwise fiber distance. The mean closest point distance was employed, defined as the mean distance between pairs of closest points on 2 fibers. The directed distances between fibers "A" and "B" are converted to a symmetric pairwise fiber distance by taking the mean of the distance from A to B and from B to A. Each distance is then converted to an affinity measure suitable for spectral clustering via a Gaussian kernel (W ij ) = e^ (−d 2 ij /σ 2 ), a method employed in the clustering literature (Shi and Malik, 2000) . The role of σ (σ = 60 mm used in the present study) is to define the size scale of the problem by setting the distance over which fibers can be considered similar (O'Donnell and Westin, 2007) . A spectral embedding of fibers is then created based on the eigenvectors of the fiber affinity matrix. In our clustering application, we used the top 15 eigenvectors of the fiber similarity matrix to calculate the most important shape similarity information for each fiber. The use of the top 15 eigenvectors has been shown to produce excellent spatial and quantitative reliability of the selected white matter tracts (Voineskos et al., 2009) , as well as good reproducibility (O'Donnell and Westin, 2007) . The clustering algorithm used was k-way normalized cuts, as it produces clusters with high within-cluster similarity and low between-cluster similarity (Ng et al., 2002) . In the k-way normalized cuts algorithm, "k" represents the number of clusters. In our reliability study (Voineskos et al., 2009) and in the present study white matter fibers were automatically segmented into 200 clusters. Following this step, groups of clusters were manually combined to comprise each neuroanatomical tract of interest by a trained operator (ANV) with neuroanatomical knowledge (a priori neuroanatomical knowledge is required for this step). Clusters of the same anatomical tract tend to have similar weights, thus facilitating selection (O'Donnell et al., 2006) . Our white matter tract "clustering" segmentation method eliminates the need to manually place regions of interest (ROIs) to identify fiber bundles, following whole brain tractography (O'Donnell and Westin, 2007; O'Donnell et al., 2006) , thus eliminating some forms of user bias inherent in ROI approaches. White matter tracts of interest can then be visualized in their correct anatomic location and selected to evaluate tract-specific diffusion parameters (Voineskos et al., 2009) . In this study (Fig. 1) , 10 association fibers (5 on each side): the left and right UF, left and right IFOF, left and right CB, left and right ILF, left and right AF, 2 projection fibers (left and right CST) were selected. Five clusters within the corpus callosum (CC) were selected: genu (CC1), premotor and supplementary motor projections (CC2), motor projections (CC3), sensory projections (CC4), and finally parietal, temporal and occipital projections (CC5). The CC was segmented using the clustering method, and selection of neuroanatomical subdivisions were made according to a previously demonstrated DTI-based topographical study of the corpus callosum (Hofer and Frahm, 2006) , and confirmed in more recent studies (Voineskos et al., 2009; Wahl et al., 2007) . Correct selection of all tracts was verified by superimposing clusters on both the FA and T1 images (Mori et al., 2005) . Tract variability can be introduced when the operator selects additional cluster(s) to add to the main cluster initally selected for the neuroanatomic tract of interest. Overall, this approach is at least as reliable as the multiple ROI approach (Voineskos et al., 2009) , and was consistently reliable for all white matter tracts in the present study. Two individuals, blind to participant information, performed the entire clustering procedure on 10 individuals: as reported elsewhere (Voineskos et al., 2009) , reliability was demonstrated both spatially and quantitatively (i.e., both voxel overlap and scalar measures of the tensor showed high agreement). MATLAB (v. 7.0) was then used to calculate FA (Basser and Pierpaoli, 1996) . Presented data represents the mean values along the selected tracts.
Statistical analysis
Age-related decline of white matter is generally considered equivalent in men and women Sullivan et al., 2001) ; however, others have reported that gender differences in FA may be present (Hsu et al., 2008) . Similarly there are reports suggesting the presence (Kubicki et al., 2002) and absence (Nestor et al., 2008) of hemispheric asymmetry with respect to bilateral tract FA. Thus, to test for effects of gender and hemisphere on all white matter tracts in the present study, a repeated measures analysis of covariance (ANCOVA) was performed for bilateral tracts with gender as the between group factor, hemisphere and tract as within group factors, and age as a covariate. A separate repeated measures ANCOVA for the corpus callosum was conducted with gender as the between group factor, corpus callosum subdivision as the within group factor, and age as a covariate. FA for tracts not showing hemispheric effects were averaged as follows: (left side FA + right side FA)/2, an approach previously used (Sullivan et al., 2008; Zahr et al., 2009) . FA for each tract was then regressed against age.
Second, Pearson product moment correlations comparing cognitive performance with age were computed. Raw scores were converted to z-scores. The z-scores were then multiplied by (−1) for tests in which a high score reflected poor performance. Where available (namely for all tests of the Repeatable Battery for the Assessment of Neuropsychological Status) (RBANS), age-normed scores of each cognitive test were regressed against age to ensure that there was no stratification within the sample. Z-scores of all cognitive tests were then submitted to principal components analysis (PCA) using SPSS 15.0, Chicago, Illinois (PCA; orthogonal transformation varimax solution). Principal components were retained if eigenvalues were greater than 1, and factor scores were then calculated for each principal component for each participant for SEM.
Finally, SEM was used to simultaneously estimate relationships among age, white matter integrity, and the factor scores for the 6 retained cognitive principal components: memory and executive function; attention and working memory; set shifting/flexibility; visuomotor speed and dexterity; and visuosopatial construction. SEM was conducted using AMOS software, Chicago, Illinois (Arbuckle, 1999) . A literature-derived model was built, emphasizing frontally-based white matter tracts and their relationship with age and executive function (O 'Sullivan et al., 2005; Zahr et al., 2009) . Thus paths from the genu (CC1) to "memory and executive function", and "attention and working memory", and from the CB to "set shifting/ flexibility" (O 'Sullivan et al., 2005; Zahr et al., 2009) were drawn. A path from posterior fibers of the CC (CC5) to "memory and executive function" was also included based on previous reports (Ziegler et al., 2008) . White matter tracts that might contribute to motor speed, namely premotor and supplementary motor fibers of CC (CC2), motor fibers of the CC (CC3) , and UF (Zahr et al., 2009) were included. The ILF was hypothesized to contribute to 'visuomotor speed and dexterity' based on a previous report that the ILF may subserve a "fast or direct stream" of visual processing (Catani et al., 2003) , and that the ILF in a previous study demonstrated a potential relationship with a motor speed component that included the Grooved Pegboard task (Zahr et al., 2009 ), a task that is part of our "visuomotor speed and dexterity" component. Paths from both the IFOF, given its occipito-parieto-temporal-frontal connection (Karnath et al., 2009; Kier et al., 2004) , and from CC5 (given its interhemispheric parietal, temporal, and occipital connections), to visuosopatial construction ability were also included. A path from the AF (hypothesized function related to language (Catani et al., 2007) and working memory (Aboitiz and Garcia, 1997) ) was drawn to the "attention and working memory" component. The CST was not included because it was not hypothesized to be involved in any of the cognitive domains from the PCA. After the path coefficients were derived, the paths were thresholded to achieve a second, more parsimonious model, by eliminating paths with p values > 0.10 (a threshold of p = 0.10, rather than p = 0.05 was chosen to ensure that relevant paths were not eliminated due to low power). Path elimination was also monitored via successive improvement of the χ 2 statistic, comparative fit index (CFI), and root mean square error of approximation (RMSEA). Good model fit can be reflected by a χ 2 to degrees of freedom ratio of less than 2.0 (Ullman, 2001 ), a CFI of greater than .90 (Bentler, 1990) , and an RMSEA of less than .06 (Hu and Bentler, 1999) or .05 (Schumacker and Lomax, 2004) . The CFI and RMSEA are among the measures least affected by sample size (Fan and Thompson, 1999) , and in fact, the CFI performs very well at all sample sizes (Bentler, 1990) . As a robustness check, the final model fitting was repeated using bootstrapping. Ninety-five percent confidence intervals of the path parameters of the final model were estimated using this nonparametric resampling method. Two thousand replications were used in the bootstrapping (the maximum number possible using AMOS software) for all 48 participants.
Results
Age and DTI measures
Following the repeated measures ANCOVA for bilateral tracts, no gender by tract (F(5,225) = 0.46, p = 0.80), hemisphere by tract (F(5,225) = 1.28, p = 0.27), or gender by hemisphere by tract interactions were found (F(5,225) = 0.71, p = 0.61). The repeated measures ANCOVA examining the effect of gender on subdivisions of the corpus callosum also revealed no gender by callosal subdivision interaction (F(4,180) = 1.42, p = 0.23). Therefore, a mean tract FA was calculated for all intrahemispheric (i.e., bilateral) tracts, and gender was not treated as a separate variable. All intrahemispheric tracts (UF, AF, CB, IFOF, ILF) displayed significant age-related decline except for the CST (Fig. 2) . Within the corpus callosum, the genu callosal region (CC1) connecting left and right prefrontal cortex, experienced greater age-related decline than callosal regions connecting primary motor cortex (CC3) (CC1, r = −0.69 vs. CC3, r = −0.34, t 45 = 3.9, p < 0.01) or primary sensory cortex (CC4) (CC1, r = −0.69 vs. CC4, r = −0.39; t 45 = 3.6, p < 0.01), using a test of significance of the difference between dependent correlations from the same sample (Blalock, 1972 ) t = (r xy −r zy )* square root[{(n −3) (1 + r xz )}/{2(1 − r xy 2 − r xz 2 − r zy 2 − + 2r xy * r xz * r zy )}], where "n" represents sample size, "x" represents age, "y" and "z" are FA values for 2 white matter tracts of interest, and "r" represents the Pearson product moment correlation of the 2 variables. The most posterior callosal subdivision (CC5) containing interhemispheric parietal, temporal, and occipital fibers also experienced significant agerelated decline, but not to the same extent as the genu (CC1, r = −0.69 vs. CC5, r = −0.49; t 45 = 3.4, p < 0.01). Table 3 shows the relationship of age with scores on each cognitive test. There was no correlation of age with age-normed scores, suggesting that there was no age-related stratification in performance in our sample. The principal components analysis of the cognitive data yielded 6 factors with eigenvalues ≥1 (see Supplementary Table 1 ). The 6 factors (or principal components) were theoretically meaningful, collectively accounting for 73.9% of the variance in test scores. The 6 principal components were: (1) memory and executive function (λ = 6.9%, 32.8% of variance); (2) visuomotor speed and dexterity (λ = 3.1%, 15.0% of variance); (3) motor speed and coordination (λ = 1.6%, 7.4% of variance); (4) attention and working memory (λ = 1.4%, 6.7% of variance); (5) set shifting/flexibility (λ = 1.3%, 6.2% of variance); and (6) visuospatial construction (λ = 1.2%, 5.8% of variance).
Age and cognitive performance
Structural equation modeling
The original literature derived model did not provide a good fit (χ 2 = 1880, df = 84, p < 0.001, CFI = .000, RMSEA = .679; see Supplementary Figure 1) . To modify the model, each path that did not meet the p = 0.10 significance threshold was systematically removed. Thus, paths from CC1 to "memory and executive function" and "attention and working memory" were removed, from CC2 and CC3 to "motor speed", from CB and AF to "attention and working memory", from CB to "set shifting", and from CC5 and ILF to "visuospatial construction" were also removed. Then, variables representing white matter tracts (CC1, CC2, CC3, CB, UF) that had no remaining relationships with any cognitive component were removed, and cognitive components (motor speed, working memory and attention, set shifting) that had no remaining relationship with any white matter tract were removed. Thus, the remaining tracts were the ILF, IFOF, and CC5. The remaining cognitive components were "memory and executive function", "visuomotor dexterity", and "visuospatial construction". Finally, direct paths from age to "memory and executive function", "visuomotor dexterity", and "visuospatial construction" were removed, because these paths also did not meet the significance threshold. By removing these paths, a new statistically significant model was created where age and white matter tract integrity did determine cognitive performance. For this final model (Fig. 3) , there was excellent model fit (χ 2 = 5.0, df = 12, p = 0.96, CFI = 1.00, RMSEA = .000) (remainder of data listed shown in Fig. 3 and in Table 4 ). As explained, good model fit can be measured by a χ 2 to degree of freedom ratio of <2 (here it is 0.42), a CFI of greater than 0.91 (here it is 1.0), and an RMSEA of <.05 (here it is .000) (Bentler, 1990; Schumacker and Lomax, 2004; Ullman, 2001 ). This new model contains age, white matter tracts (CC5, ILF, IFOF), and principal cognitive components (memory and executive function, visuomotor dexterity, and visuospatial construction). This model suggests that CC5 integrity broadly predicted memory and executive function, ILF integrity predicts performance on tasks requiring visuomotor dexterity, and IFOF integrity predicts performance on tasks requiring visuospatial construction. Finally, effects of age on these 3 cognitive components occurred via the 3 white matter tracts in the model.
In this model, all standardized regression weights were significant (see Table 4 ). The bootstrap confidence intervals (2000 replications, the maximum permissible with AMOS software) suggested a robust model. The 95th percentile confidence intervals derived by bootstrapping demonstrated a p value of ≤0.05 (see Table 4 ).
Discussion
This study demonstrated age-related decline in FA in all cortico-cortical white matter fiber tracts. An anteroposterior gradient of age related decline was evident in corpus callosum fibers. No gradient was evident in the intrahemispheric association fibers studied (CB, AF, UF, IFOF, and ILF). As expected, the projection fiber studied, the CST, demonstrated no age-related decline. Following PCA of a cognitive battery, and construction of an SEM based on existing theories of cognitive aging, each path was tested systematically to produce a final SEM. In our final model, age-related change in integrity of the CC5 subdivision (i.e., posterior projections/splenium) of the corpus callosum predicted "memory and executive function", of the IFOF predicted "visuospatial construction" performance, and of the ILF predicted "visuomotor dexterity" performance.
Our finding for potential ILF function is novel. The role of the ILF in cognitive performance has been unknown, and direct approaches to characterize ILF function such as peri-operative stimulation have not been successful (Mandonnet et al., 2007) . In our study, age-related disruption of the ILF predicted performance in tasks that require visuomotor dexterity and fast visual processing. Tests that loaded high on this cognitive factor include the grooved pegboard task, letter cancelation task, and the digit-symbol coding task. Using DTI, virtual in vivo dissection has provided important evidence for the ILF, where reconstructions closely matched those of early anatomical descriptions (Catani et al., 2002) , and it was suggested that the ILF may subserve a "direct short-latency pathway" of visual processing, i.e., a fast stream of visual processing, whereby the parahippocampal gyrus (in the temporal lobe) and visual cortex (in the occipital lobe) communicate (Catani et al., 2003) . Our results provide in vivo evidence that the ILF may subserve this "direct short-latency pathway" of visual processing. Evidence for ILF function in this direct pathway was suggested in a case report on a patient who had sustained a lesion restricted to this direct pathway and was unable to learn novel, nonverbalizable visual stimuli. The conclusion was that the direct pathway serves to prime medial temporal structures to facilitate the processing of visual information (Ross, 1980) . Such a "priming" role could be critical, for instance, during the performance of the digit-symbol coding task. Performance on the digit-symbol coding task depends on the speed and accuracy of the task, whereby the participant must visually process the symbol, link the symbol to the digit, and then transcribe the digit. Although the digit-symbol associations key is always available for the participant to refer to during the task, the participant's performance is likely to improve if the medial temporal structures are "primed" and active representation of the digit-symbol associations are readily available to be matched with direct information from the visual cortex.
Our SEM demonstrated a significant association of the IFOF with visuospatial construction ability (cognitive tasks loading high on this factor included the figure-copy task, and the figure-recall task). The inferior occipitofrontal fasciculus (IFOF) is a large association bundle of fibers connecting the occipital and frontal lobes, and also connects the frontal lobe with the posterior part of the parietal and temporal lobes (Kier et al., 2004) . The IFOF is an ideal candidate to mediate interactions between visual, spatial, and executive functions considering its occipitoparietal and occipitofrontal connections. Performance on a complex visuospatial construction task is likely to depend on the involvement of more than 1 cognitive function. In particular, the abilities to process visual and spatial abilities combined with executive function are likely mediated by the IFOF's connection to anterior frontal regions, from occipital and parietal regions, which may allow for better organization and planning of the "construction" part of the task. Furthermore, the fronto-temporal connection of the IFOF may play a role in figure-recall, which would also require the aforementioned visual and spatial abilities. Direct (i.e., invasive) investigations have demonstrated a potential language function for the IFOF via electrostimulation of this pathway intraoperatively, whereby semantic paraphasias were induced (Duffau et al., 2005) . Nevertheless, studies where damage to the IFOF is known (Karnath et al., 2009; Urbanski et al., 2008) , suggest a role for the IFOF in visuospatial function, and we have demonstrated such a relationship in our normal aging population.
Posterior fibers of the corpus callosum (i.e., occipital, parietal, temporal) were associated with the "memory and executive function" factor. Most notably, tests of episodic memory, loaded particularly high on this factor, such as Story Recall and List Recall. Considerable evidence from functional neuroimaging studies implicates temporoparietal areas in episodic memory (e.g., Buckner and Wheeler, 2001; Rugg et al., 2002) . Furthermore, white matter integrity underlying temporal and posterior parietal areas, but not frontal areas, was associated with episodic memory performance in an elderly population (Ziegler et al., 2008) . Diminishing integrity in occipital fibers of the corpus callosum may also be related to perceptual processing declines that may explain worsening executive function in elderly individuals (Davis et al., 2008) , which aligns with our finding relating posterior callosal fibers to executive function. Other cognitive tasks that loaded on this factor of "memory and executive function" included the Stroop color-word task and the Letter Number Span task. Therefore, our findings add to previous findings, namely, association of integrity of the splenium of the corpus callosum with the Stroop task in a small elderly sample , association of integrity of the splenium with working memory performance in a chronic alcoholism population (Pfefferbaum et al., 2000) , and association of white matter integrity of temporal and posterior parietal areas with episodic memory performance in an elderly population (Ziegler et al., 2008) . Surprisingly, we found that the genu of the corpus callosum, which connects left and right dorsolateral prefrontal cortex, did not contribute significantly to any 1 cognitive domain. Others have found that the genu predicts executive function test performance, particularly working memory (Zahr et al., 2009 ). Despite our negative findings here, the genu remains an important candidate in executive function processes given that it connects left and right dorsolateral prefrontal cortex, cortical regions with critical roles in executive function and working memory. Age related compensatory mechanisms may explain the lack of significance between genu microstructure and overall executive function performance found in our study. Some elderly subjects may recruit compensatory brain regions or networks, maintaining their level of executive function, that may compensate for age-related decline in a specific region or white matter tract. Such compensatory strategies are particularly relevant to frontal brain regions and the genu of the corpus callosum, and have been demonstrated in functional MRI studies, where different patterns of recruitment of brain regions predicted executive function performance in elderly individuals (Cabeza et al., 2002) . Some have suggested that subtle compromise of the genu may actually enable bilateral engagement of the hemispheres, thus enabling compensatory mechanisms (Buckner, 2004) and influencing resource allocation in executive function processes (Banich, 1998; Reuter-Lorenz and Stanczak, 2000; . It is possible that in a more homogeneous sample (i.e., smaller age range), where age effects do not contribute to the variance in performance, such as in younger healthy adults, the genu of the corpus callosum may play a more prominent role in overall executive function.
Some limitations of this study should be considered. We did not study all white matter tracts in the brain. Such an approach might have elicited relationships between other white matter tracts and cognitive performance, thus accounting more comprehensively for widespread declines in cognitive function. However, we focused primarily on cortico-cortical white matter tracts for which we have previously shown high reliability, both spatially and quantitatively (Voineskos et al., 2009) . Others have studied the fornix of the hippocampus (Fitzsimmons et al., 2009 ), a white matter tract that has been demonstrated to play a role in working memory function (Zahr et al., 2009 ). However, highly reliable segmentation of the fornix using streamline tractography can be a challenge with either clustering or region of interest segmentation methods (O'Donnell and Westin, 2007; Wakana et al., 2007) , and thus it was not included in our study. Healthy elderly subjects often have white matter hyperintensities (Wen and Sachdev, 2004) , generally not accounted for in DTI studies of healthy aging. In our sample, 7 subjects (all age 55 and greater, data not shown) had indications of white matter disease on fluid-attenuated inversion recovery images (FLAIR). Two had extensive confluent deep white matter hyperintensities (WMH), and 5 had either small-or medium-sized focal WMH in deep white matter. WMH may affect white matter microstructural integrity (FA), though a relationship between these measures is only just beginning to be understood (Zhan et al., 2009) . It is also possible that relationships between white matter tract integrity and specific cognitive tests were present, but not detected. Reduction of individual cognitive tests into principal components was necessary to reduce the complexity of the data. A larger sample size might have provided us with more power for our model, which in turn might have permitted retention of more paths in our model, and further insight into the relationship of other white matter tracts with cognitive components in the model. A larger sample might have also given a narrower range of confidence intervals in bootstrapping procedures. However, the white matter tracts in our current model demonstrated strong association with the cognitive tasks included, and reasonable bootstrap estimates. Finally, our cross-sectional design is a limitation of our study. Cross-sectional studies examining aging are potentially confounded by cohort differences and might therefore overestimate age-related differences, particularly in cognitive decline. Yet others have suggested that cross-sectional studies where some demands were placed on participants (e.g., volunteering to come to a University Hospital for testing), as required in our study, might over-represent higher performing elderly adults (Hedden and Gabrieli, 2004) . Given the design of our study, it is possible that our findings may not reflect the true evolution of white matter integrity or cognition with age. This would require a longitudinal study lasting several years and an analysis of individual trajectories of white matter integrity and cognition. However, in the absence of any such extended longitudinal DTI study of healthy aging (to our knowledge), our findings of an age effect on both white matter integrity and cognition support that the 2 processes are related.
In summary, we demonstrated significant age-related decline in the great majority of white matter tracts studied. Our findings emphasize the relationship between age-related decline in white matter integrity and cognitive function, and verify the functional ramifications of DTI metrics. We identified potential cognitive functions for 2 white matter tracts, the ILF and IFOF, consistent with their neuroanatomical connections, and provide supporting evidence for the role for posterior projections of the CC in memory and executive function. The investigation of functional ramifications of white matter measures remain an important area of inquiry that will likely continue to offer fascinating insight into relationships between brain structure and function. Future combinations of DTI and functional neuroimaging and/ or neurophysiological tools in vivo may yield even more powerful conclusions about the mechanisms of age-related cognitive decline in the brain. Segmented white matter fiber tracts superimposed on fractional anisotropy images. (A) From left to right: uncinate fasciculus, arcuate fasciculus, cingulum bundle; and (B) from left to right: inferior longitudinal fasciculus, inferior occipitofrontal fasciculus, corticospinal tract; (C) from left to right: corpus callosum (whole structure with fibers color-coded according to similarity of shape and location), genu of corpus callosum (CC1) selected in red, premotor and supplementary motor fibers of corpus callosum (CC2) selected in red; and (D) from left to right: motor fibers of corpus callosum (CC3) selected in red, sensory fibers of corpus callosum (CC4) selected in red, and parietal, temporal and occipital fibers of corpus callosum (CC5) selected in red. Relationship between age and fractional anisotropy of white matter tracts: (A) ucinate fasciculus, arcuate fasciculus, cingulum bundle, inferior longitudinal fasciculus, inferior occipitofrontal fasciculus, and corticospinal tract; and (B) corpus callosum (genu), corpus callosum (premotor and supplementary motor), corpus callosum (motor), corpus callosum (sensory), and corpus callosum (parietal, temporal, and occipital). Final parsimonious model illustrating relationships among age, white matter tract integrity, and cognitive performance. Curved 2-way arrows represent covariance terms between each variable. One-way arrows represent the impact of 1 variable on another. e3, e5, e6, e7, e8, e9 represent error variance terms associated with each variable. Abbreviations: CC5FA, fractional anisotropy of parietal, temporal, and occipital fibers of corpus callosum; IFOFFA, fractional anisotropy of inferior occipitofrontal fasciculus; ILFFA, fractional anisotropy of inferior longitudinal fasciculus. Table 2 Cognitive battery of neuropsychological tests administered
Neuropsychological tests Domain Test scores
Executive interview (EXIT) (Royall et al., 1992) Executive function High = poor performance Finger tapping (Halstead, 1947) Fine motor speed Number of finger taps
Grooved pegboard (Matthews and Klove, 1964) Fine visual-motor coordination Time to completion Letter fluency (Ruff et al., 1989) Semantic memory Total words for F+A+S Letter-number span (Wechsler, 1997) Working memory Total numbers and letters
Letter cancellation test (Geldmacher et al., 2000) Visuospatial attention/scanning Time to completion Trail-making test (A and B) (Reitan and Wolfson, 1985) Flexibility Ratio TrailsB/TrailsA
Stroop neuropsychological screening test (Trenerry, 1989) Set shifting/response suppression Ratio score
Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) Hobart et al., 1999) All RBANS scores are total scores Neurobiol Aging. Author manuscript; available in PMC 2012 January 1.
